The goal of this study was to further develop an incubation-quantitative polymerase chain reaction (qPCR) method for quantifying viable Ascaris eggs by characterizing the detection limit and number of template copies per egg, determining the specificity of the method, and testing the method with viable and inactivated larvated eggs. The number of template copies per cell was determined by amplifying DNA from known numbers of eggs at different development stages; the value was estimated to be 32 copies. The specificity of the method was tested against a panel of bacteria, fungi, protozoa and helminths, and no amplification was found with non-target DNA. Finally, fully larvated eggs were inactivated by four different treatments: 254 nm ultraviolet light, 2,000 ppm NH 3 -N at pH 9, moderate heat (48 W C) and high heat (70 W C). Concentrations of treated eggs were measured by direct microscopy and incubation-qPCR. The qPCR signal decreased following all four treatments, and was in general agreement with the decrease in viable eggs determined by microscopy. The incubation-qPCR method for enumerating viable Ascaris eggs is a promising approach that can produce results faster than direct microscopy, and may have benefits for applications such as assessing biosolids.
INTRODUCTION
It is estimated that about 25% of the world's population is infected with the intestinal helminth Ascaris lumbricoides Current standard methods for detecting and determining the concentration of viable Ascaris eggs in environmental samples involve laborious multi-step procedures to clean the sample and concentrate the eggs, followed by an incubation period of roughly 4 weeks, and a final step to identify and count the larvated eggs under a light microscope (US EPA ). An advantage of this standard method is that specialized or expensive equipment is not needed. However, the long incubation time, high labor requirements and specialized knowledge necessary for identifying Ascaris eggs present challenges for monitoring treated effluents and biosolids, as well as for researchers studying disinfection. Enumeration methods that produced results faster, using common laboratory procedures, could have advantages in some settings.
In a previous paper, our research group reported the development of a quantitative polymerase chain reaction the inactivated eggs did not replicate, as it did in the viable eggs, the incubation-qPCR method could detect up to approximately 2.8 log inactivation (log 10 (600)).
This previous research did not address the fact that partially or fully larvated eggs may exist in wastewater, sludge, or environmental samples if sufficient time has elapsed under aerobic conditions prior to sampling. Although eggs in the larvated state may remain viable for some time, they may also be inactivated by treatment processes or environmental conditions. Additionally, the specificity and exclusivity of the incubation-qPCR was only partially addressed. Therefore, to develop the incubation-qPCR method further, it is necessary to determine whether it can distinguish between viable and inactivated larvated eggs and determine the cross reactivity of the qPCR assay to other waterborne microorganisms.
The overall goal of this research was to develop further the incubation-qPCR method for quantification of viable
Ascaris eggs by resolving a number of key concerns with its application to testing water and sludge samples. The specific objectives were to determine: (1) the quantitative relationship between ITS-1 copy number and egg number for single-celled and larvated eggs; (2) the specificity of the qPCR method; and (3) whether viable and inactivated larvated eggs could be distinguished.
MATERIALS AND METHODS

Ascaris egg samples
Ascaris suum eggs were purchased from Excelsior Sentinel (Ithaca, NY); the company collected the eggs from the intes- These four treatment conditions were the same as those used previously to develop incomplete inactivation curves for single-celled eggs (Pecson et al. ) . The initial egg concentration was 100 eggs ml À1 . For the heat treatments, 15 ml samples (1,500 eggs) were incubated in 50 ml plastic centrifuge tubes in a water bath. For the UV treatment, egg solutions were placed in 50 mm diameter glass Petri dishes and gently stirred under a quasi-collimated UV beam (Brownell & Nelson ) .
Following treatment, all samples were placed on ice.
The experimental solutions were replaced with 5 ml of 0.1 mol l À1 H 2 SO 4 and all samples were incubated at 27 W C with loose caps in a water bath for 10 d. Control samples were egg solutions that were incubated without any treatment. A decrease in the number of eggs recovered from the treated samples compared to the control samples was interpreted as physical destruction of eggs.
Microscope method
The concentration and viability of the eggs in each sample treated by the four methods described above was also measured by microscopic examination. Briefly, eggs were incubated for 10 d and viewed at 20 × magnification using brightfield microscopy (Olympus BH-2 microscope). Eggs that had a motile larva were considered viable, while all others were classified as inactivated. While this definition of viability is used by the US EPA (), it should be noted that it is possible that some non-motile larvated eggs were also viable. The fraction of inactivated eggs was calculated as the number of inactivated eggs divided by the total number of eggs counted in the control. Duplicate aliquots of 100 μl were analyzed from each sample.
qPCR method DNA samples for specificity tests were prepared as described above. DNA from Ascaris eggs samples was isolated from 1 ml aliquots using the Mobio Ultraclean Fecal DNA isolation kit (Carlsbad, CA). ITS-1 rDNA levels were quantified by qPCR using the method described in Pecson for 15 s and 59 W C for 1 min. The standards were developed using plasmid of the whole ITS-1 region, as described in Pecson et al. () . The plasmid concentration was determined using a Nano Drop ND-3300 fluorospectrometer (Thermo Scientific). A standard curve was analyzed with each 96 well plate and was constructed using six points: 10 7 , 10 5 , 10 3 , 10 2 , 10 and 1 ITS-1 DNA copies. The amplification efficiency for the standard curves was always 99%.
Non-template controls were processed with each 96 well plate and no amplification was observed.
RESULTS
Detection limit and copy number per egg
The results for the detection limit test are presented in 
Specificity test
The microorganisms chosen for specificity testing were selected because they could potentially be present in environmental, wastewater or sludge samples. Two sets of samples were analyzed: DNA samples extracted with a proteinase K-DNA isolation kit (Table 1 ) and with the Ultraclean Mobio DNA isolation kit (Table 2) . For the first set of samples (Table 1) , all of the samples were either below the detection limit (10 ITS-1 copies) or did not amplify at all (cycle threshold Ct > 40). Conversely, PCR products were detected when these samples were amplified using universal primers for the 16S, 18S or Alu genes, confirming that DNA was present (data not shown).
Unexpectedly, one of two replicates of the C. parvum sample amplified with a result of 34 copies (per 10 ng of DNA). This was likely due to accidental contamination by the ITS-1 plasmid since no amplification occurred in subsequent experiments using C. parvum genomic DNA (Table 2) . We also observed very poor recovery of the Ascaris standard for all of these samples (range 0-26%). We believe the poor recovery of ITS-1 plasmid during these tests was due to inhibition coming from proteinase K (Burkhart ) since qPCR inhibition was also observed when we used other proteinase K based DNA isolation kits (results not shown).
To overcome the observed inhibition using the proteinase K-DNA extraction procedure, we conducted additional Strongyloides stercorales -67 6.7 a C. parvum sample amplified with a result of 34 copies (per 10 ng of DNA) in the absence of the ITS-1 plasmid, which was likely due to the presence of Ascaris DNA. (Table 2) . Results revealed that the number of copies amplified by the qPCR method was below the detection limit (<10 ITS-1 copies) for all non-target samples.
Further, the recovery of the Ascaris plasmid standard mixed with the DNA from these three protozoa increased to an average value of ∼89%.
Additional bioinformatic analyses using the BLAST tool of the National Institute of Health database to search and identify non-Ascaris spp. sequences homologous to the incubation-qPCR primers and probe set produced no matches (data not shown). Based on the BLAST results and the qPCR results, we conclude that the primers and probe are highly specific to Ascaris spp.
Inactivation measured by microscopy
The results from the inactivation experiments as determined by conventional direct microscopy are presented in Table 3 .
All of the treatments were effective at achieving high levels of inactivation, with >99% inactivation achieved by all except UV. For UV fluences from 250 to 1,000 Jm À2 , the inactivation appeared to decrease with increasing fluence, which is opposite to the expected trend. It is suspected that the stirring conditions pushed some eggs to the edge of the Petri dishes, which prevented the eggs from receiving uniform exposure to the light. Microscopic observations revealed that the 48 and 70 W C heat treatments caused small fissures in the egg shells, including breakage of some shells, although the larvae were not released from the eggs. In the eggs treated with ammonia, granules were visible inside the larva; with the incubation time of 10 d, many larvae were released from the eggs and seemed to start degrading. With UV treatment (which included stirring), the larvae were released from the eggs immediately after UV treatment; however, the larvae seemed to remain intact (data not shown).
For all the treatments, the total number of eggs recovered was lower than the approximately 100 eggs in each sample before treatment. As the total numbers of eggs recovered from the treatments were lower than the number of eggs recovered from the control samples (90 eggs at day 0 and 95 at day 10), we believe that some of the larvated eggs were destroyed during all the treatments. The highest destruction of eggs was observed for the treatment with ammonia (∼80%).
qPCR method results for the incomplete inactivation experiments
The results obtained for the inactivation test using fully larvated eggs with the qPCR method are presented in Figure 2 .
The results obtained by qPCR are in general agreement with those obtained by direct microscopy ( 
DISCUSSION
The main goals of this research were to build on an incubation-qPCR method that was developed using singlecelled Ascaris eggs by extending the approach to larvated eggs, as well as to confirm the specificity of the PCR target. As shown in Table 1 and 2, the Ascaris ITS-1 qPCR method did not amplify DNA extracted from a range of organisms that may be present in environmental
samples. An important and encouraging result was that the qPCR signal decreased significantly in larvated eggs that were exposed to four different inactivating treatments Table 4 results with Figure A remaining question is how eggs that are at an intermediate stage of development will influence the method.
The detection limit of the incubation-qPCR method needs to be determined in real matrices. In this study, we found that egg recovery was low in samples containing 10 eggs, whereas recovery was consistently high in samples containing 50 eggs or more. However, in an actual sample matrix, fewer eggs may be lost during the transfer steps or due to sorption to the surfaces of sample containers and pipet tips. In wastewater or sludge samples, on the other hand, other types of interferences are expected to dominate the detection limit (recovery during cleaning and concentration steps, as well as inhibition of PCR reaction due to compounds in matrix).
In conclusion, we believe the incubation-qPCR method is a promising method for quantifying the number of viable Ascaris eggs in environmental samples. Additional research is needed to determine how this assay will perform with detecting infectious Ascaris lumbricoides, which may be specific to human hosts and other near-neighbor ascarids, as well as to understand the effects of other types of inactivation (e.g. composting) and real-world treatments with actual sample matrices on the qPCR signal. Adequate methods for concentrating and extracting Ascaris DNA from environmental samples, and removing PCR inhibitors are also needed.
